, "W-band radio-over-fiber propagation of two optically encoded wavelength channels," Opt. Eng. 57(1), 016104 (2018) Abstract. We propose a W-band wavelength-division multiplexing (WDM)-over-optical code-division multiple access radio-over-fiber system. This system offers capacity expansion by increasing the working frequency to millimeter wave region and by introducing optical encoding and multiwavelength multiplexing. The system's functionality is investigated by software modeling, and the results are presented. The generated signals are data modulated at 10 Gb∕s and optically encoded for two wavelength channels and transmitted with a 20-km length of fiber. The received signals are optically decoded and detected. Also, encoding has improved the bit error rate (BER) versus the received optical power margin for the WDM setting by about 4 dB. In addition, the eye-diagram shows that the difference between received optical power levels at the BER of 10 −12 to 10 −3 is about 1.3% between two encoded channels. This method of capacity improvement is significantly important for the next generation of mobile communication, where millimeter wave signals will be widely used to deliver data to small cells.
Introduction
In the past few years, the introduction of bandwidth-demanding services and applications through mobile phone communication and also the wide-spread penetration of mobile phones have caused an augmentation in interest for capacity expansion of networks that can facilitate execution of such service. 1, 2 An increase in the mobile network capacity should be in a way that both backbone (fiber optic) and over-the-air transmission can support it. One method is to increase the working frequency from the current frequency region (a few gigahertz) to the millimeter wave region (>30 GHz). 1, 3, 4 This region has an inherently higher capacity and is more secure while being less occupied. Because of high frequency, antennas that transmit such signals would have a very sharp beam. In addition, at such frequencies, the attenuation (atmospheric and environmental) is more severe. These two factors contribute to the enhanced security of millimeter waves. If these high frequency [radio-frequency (RF)] signals are transmitted over the air, the propagation distance, in which these signals are severely attenuated and thus cannot be recovered, is relatively very short. 2 Thus, an effective method to transmit such signals is through an optical fiber link where they can be transmitted to distances much longer than over the air. The transmission of a radio frequency signal through an optical fiber link is called radio over fiber.
Another well established and widely used method to increase an optical network's capacity is to employ several parallel wavelength channels to transmit optical signals. This method is known as wavelength-division multiplexing (WDM). Depending on the number of wavelength channels, the capacity of the system will be multiplied. 5, 6 Additionally, optical encoding will also help to further increase the capacity of the system and accommodate more channels to be transmitted simultaneously. This method assigns different optical codes to each channel that are identical and can only be decoded individually. This way, encoded data can only be decoded if it passes through a decoder with the correct optical code. This scheme is also well known and used and is called optical code-division multiple access (OCDMA). 5, [7] [8] [9] In this paper, the optical encoding and decoding are performed with a code family called m-sequence codes. The m-sequence codes are well defined and used in the literature. [9] [10] [11] [12] [13] These types of m-sequence codes that have been used in this research are unipolar codes (the phase shifts are two levels: 0 and π) with seven segments. Table 1 shows the number of shift registers and the corresponding code segments for an m-sequence code. Per Table 1 , a seven-segment code can generate up to two codes with maximum orthogonality that can accommodate two individual channels. These codes are listed in Table 2 .
Proposed System
This paper investigates a system where a millimeter wave signal is generated by help of a tandem dual-electrode Mach-Zehnder modulators (DE-MZM). [10] [11] [12] 14 There will be an uncoded and coded optical signal per channel and per code. The encoded optical signal will be transmitted to the receiver unaltered, whereas the other optical signal goes through an optical encoder [in this case, a superstructure fibre Bragg grating (SSFBG)], aggregated with the uncoded optical signal in an optical coupler and then transmitted through the fiber. [10] [11] [12] Each segment of the utilized seven-segment SSFBG has a length of 0.66 mm that has a period of 535.0143 nm. The difference in refractive index between two consecutive periods in one chip is Δn ¼ 5 × 10 −4 , which gives a temporal chip duration of *Address all correspondence to: Morad Khosravi Eghbal, E-mail: morad. khosravieghbal@utsa.edu 6.4 ps. There are two lasers sources each generating optical signal at two different wavelengths, where each wavelength will generate two optical signals.
At the receiver's side, the encoded optical signal is decoded with help of another SSFBG device that has a profile similar (but inversed) to the encoder. Then, two optical components (uncoded and decoded) are heterodyned at a photodiode to generate the millimeter wave signal. This signal could be fed to an antenna to be retransmitted over the air for a shorter distance to reach the final user.
Principle of Operation
Two continuous wave laser sources generated optical signals for two channels of a WDM system. The wavelength of the first laser is at λ 1 ¼ 1553.32 nm, and the second one is at λ 2 ¼ 1550.11 nm. The linewidth and input optical powers of both are similar: the first at 7 MHz and the second at 7.5 mW. The optical signal out of each laser is fed to individual tandem DE-MZMs that are driven by three sine wave generators as shown in Fig. 1 .
The output spectrum of the second DE-MZM has components equal to the summation and subtraction of the operating frequency of each sinewave generator along with the fundamental frequencies. By changing the operating frequencies of each of those sine wave generators, a different millimeter wave frequency can be achieved at the receiver's side. Therefore, each channel can be tuned individually to generate a millimeter wave signal at the frequency of choice. Since for both channels, the generated millimeter wave is set to be 84 GHz, the sinewave generators have the following operating frequencies: f 1 ¼ 21 GHz, f 2 ¼ 25 GHz, and Table 2 Unipolar m-sequence codes for two channels.
Code# Generated sequence M-sequence code
Orthogonality distance: 2 The component that is going to be encoded is passed to a single-electrode MZM (SE-MZM) to be data-modulated with a 10 Gb∕s pseudorandom bit sequence generator (PRBS) operating at 2 23 − 1 that is shaped with a Gaussian wave generator having a full width half maximum (FWHM) of 5.2 ps. The data-modulated signal is then passed to an SSFBG device that is profiled with a unipolar seven-bit m-sequence code. The optical codes used in each channel are orthogonal. The sequence of the first channel is 0π0πππ0 and the second channel is π00πππ0. Afterward, for each channel, the two uncoded and two encoded data-modulated signals are multiplexed and transmitted through a 20-km length of dispersion compensated fiber to the receiver.
At the receiver side, four optical signals are demultiplexed. The encoded signals are directed to another SSFBG device that has the exact same profile as the encoder except it is inversed. The output of the decoder will be a distinct peak per each "1" in the PRBS sequence and noise per each "0" of the initial data sequence. The decoded signal is then fed to an optical hard limiter device to compensate for the irregularities of the received signal and to guarantee all 1's have similar power levels.
Finally, for each channel, the uncoded and decoded components are heterodyned at a PIN photodiode to generate an electrical signal having an RF frequency equal to the frequency difference of two optical components (84.549 GHz). The output optical signal is then bandpass filtered and depending on the application will be retransmitted via a millimeter wave antenna or passed on for detection to a signal processing module.
Simulation Results
The setup of this work, as shown in Fig. 1 , has been created and simulated in VPITransmission Maker software version 9.7 from VPI Photonics. Figure 2 shows the measured bit error rate (BER) versus the received optical power (in dBm) for both codes, each at one of the WDM channels and for three lengths of optical fiber. The original fiber length for this study is 20 km. However, to better understand the effect of distance on the BER versus received optical power, fiber lengths of 10 and 30 km have been simulated too, and the results are presented. Figure 3 shows inversed channel and code configuration at 20-km length of fiber for comparison. Finally, Fig. 4 shows the eye-diagram for each channel at three performance levels of 10 −3 , 10 −9 , and 10 −12 , respectively.
Discussion
The two m-sequence codes that are used in this study are similar in length and in the number of 0's and π's.
However, to verify the continuous effect of the wavelength channel on the BER, the simulation has been performed for two other optical fiber lengths (10 and 30 km), along with the target length of 20 km. The reason to include different optical fiber lengths is to check whether the length of fiber can cancel or alter the effect of wavelength channel at both longer and shorter lengths of optical fiber. Figure 2 shows three curve pair per each length of the optical fiber. It can be seen that for all three lengths, the effect of the lower wavelength channel is dominant and thus, the signal propagating in channel two, irrelevant of the code sequence encoding the signal, shows a better BER value for the received optical power. This is also true when the codes are inversed in Fig. 3 , where channel 1 carries the signal encoded with code 2 and channel 2 carries the signal encoded with code 1. Therefore, the only factor that influences the performance of two channels is the frequency difference. Here, the channel spacing is chosen to be 400 GHz to avoid using narrow filters to minimize the effect of the other component's residual bandwidth on the target signal. Thus, the traditional 100 GHz channel spacing of dense wavelength division multiplexing would require utilizing narrow filtration of each component.
The BER budget between two channels is about 4 dB for all three fiber lengths. We can see the effect of multiplexing on the BER budget for both channels. Figure 3 shows the inverse of the setup shown in Fig. 2 . It can be observed that channel 1 has about 3.5-dB gain margin to channel 2. This gain difference is mainly because of the wavelength selective nature of the standard single-mode fiber optic cable used in this setup. This feature imposes higher attenuation to smaller wavelength channels. However, when transmitting encoded signals, there is ∼5-dB gain difference between channel 1 encoded with code 1 and channel 1 encoded with code 2. The same measure for channel 2 is also ∼5 dB. This can reveal that irrespective of the nature of the code, channel 2 experiences more attenuation. However, the BER curve for channel 2 is more promising for both setups (Figs. 2 and 3 ) since it has smaller received power per decrease in the BER value.
Also, eye-diagram observation reveals that the eye-opening for channel 1, the situation where BER is very small (10 −12 ) is ∼94% larger than the eye opening for the erroneous BER (10 −3 ). The eye opening for channel two is ∼95% between BER of 10 −12 and 10 −3 . The higher received optical power for channel one is also shown in Fig. 2 . This means the channel with higher wavelength (channel 1's wavelength is 1553.32 nm while channels 2 is 1550.11 nm) experiences less attenuation and absorption leading to higher received optical power.
Conclusion
In this paper, we have demonstrated millimeter wave signal generation in a tandem DE-MZM for two optical channels, in conjunction with WDM architecture, that are optically encoded with seven-segment m-sequence unipolar codes to increase the number of users according to the OCDMA scheme. The link measures such BER and eye diagram at the receiver's side determines whether the proposed system is operable at the suggested settings (number of wavelength channels, frequency of millimeter wave signal, length and input optical power). Thus, the BER curves for the received optical power levels are compared for both channels at three different optical fiber lengths of 10, 20, and 30 km. Moreover, the effect of optical codes (from unipolar seven-bit m-sequence codes) and the effect of number of WDM channels on the performance are depicted in the figures and are therefore acknowledged.
The reach of the signal has been improved dramatically and has been compared using optical fibers with various lengths instead of wireless propagation of millimeter waves. The fiber attenuation is about 4 dB for a length of 20 km (standard single-mode fiber), whereas the over-the-air attenuation for the same distance is about 100 dB (with antenna gain) and 152 dB (without antenna gain) more than over-the-fiber attenuation at 84 GHz. Also, the amount of BER versus the received optical power margin between two wavelength channels is about 4 dB for all three simulated fiber lengths. In addition, the eye-diagram also confirms the results obtained by BER measurement. The eyediagram measure for channel 2 shows better opening for different BER levels.
